Using First-principle calculations, we have studied the structural, electronic and elastic properties of M 2 TlC, with M = Ti, Zr and Hf. Geometrical optimization of the unit cell is in good agreement with the available experimental data. The effect of high pressures, up to 20 GPa, on the lattice constants shows that the contractions are higher along the -axis than along the axis. We have observed a quadratic dependence of the lattice parameters versus the applied pressure. The band structures show that all three materials are electrical conductors. The analysis of the site and momentum projected densities shows that bonding is due to M -C and M -Tl hybridizations. The M -C bonds are lower in energy and stiffer than M -Tl bonds. The elastic constants are calculated using the static finite strain technique. We derived the bulk and shear moduli, Young's modulus and Poisson's ratio for ideal polycrystalline M 2 TlC aggregates. We estimated the Debye temperature of M 2 TlC from the average sound velocity. This is the first quantitative theoretical prediction of the elastic properties of Ti 2 TlC, Zr 2 TlC, and Hf 2 TlC compounds that requires experimental confirmation. 61.66.; 62.20.de; 71.15.Mb; 71.20
Introduction
The M +1 AX , also called the MAX phases, where M is an early transition metal, A is an A-group element, X is either C or N and n= 1-3, attract more and more attention due to the combination of properties usually associated with metals and ceramics (for details see Ref. [1] and the references cited therein). Like metals, they are electrically and thermally conductive, not susceptible to thermal shock, plastic at high temperature and high resistance to damage, and readily machinable. Like ceramics, they are elastically rigid, lightweight, creep and fatigue resistant and maintain their strengths at high temperatures [2] [3] [4] [5] . This makes them attractive for many applications such as structural materials at elevated temperatures. More than 50 compounds were reported for n= 1 (the so-called 211 phases). For compounds with n= 2, four members (the socalled 312 phases), were identified. When n is increased to 3, (the so-called 413 phases), four compounds were synthesized [6] .
Despite the numerous theoretical and experimental studies devoted to M 2 AX phases [7] [8] [9] [10] , only few of them have been studied in detail. An examination of published data suggests that much work has been done with Al as an A element in MAX-series. However, individual properties vary from phase to phase. It is worthwhile to know the effect on physical properties by replacing Al by Tl in M 2 AlC. Theoretically, there is only one study devoted to M 2 TlC [11] . The elastic constants are among the properties which are not yet calculated or measured for M 2 TlC compounds. Moreover, it seems that there are no studies about the strain effect on the structural properties of M 2 TlC compounds. In order to fully take advantage of the properties of Ti 2 TlC, Zr 2 TlC and Hf 2 TlC for eventual technological applications, theoretical investigations of the structural, elastic and electronic properties are necessary.
The elastic constants of solids are important for many reasons. From a practical viewpoint, they describe the linear response of a material to an applied stress. Among the basic mechanical properties that can be obtained from the elastic constants are the bulk modulus, Young's modulus, the shear modulus, and Poisson's ratio. From a fundamental viewpoint, the elastic constants are the second derivatives of thermodynamic potential with respect to strain. Thus, from the elastic constants, one can obtain valuable information about the binding characteristics between adjacent atomic planes, the anisotropic character of the bonding and the structural stability. They are also related to thermal properties such as equation of state (EOS), specific heat thermal expansion, Debye temperature, Grüneisen parameter and melting point [12] .
The behaviour of materials under compression based on calculations or measurements has become quite interesting in the recent years as it provides insight into the nature of the solid-state theories and determines the values of fundamental parameters [13] .
First-principle calculations offer one of the most powerful tools for carrying out theoretical studies of an important number of physical and chemical properties of the condensed matter with great accuracy. It is now possible to explain and predict properties of solids which were previously not observable in experiments. We therefore think that it is worthwhile to perform first-principle calculations for the structural, elastic and electronic properties of Ti 2 TlC, Zr 2 TlC and Hf 2 TlCt using the ultra-soft pseudopotential plane-waves (PP-PW) method, in the framework of the density functional theory (DFT) within the local density approximation (LDA) and the generalized gradient approximation (GGA), in order to provide reference data for the experimentalists and to complete existing theoretical works on this fascinating class of materials.
The paper is organized as follows: In section 2, we briefly described the computational techniques used in this work.
Results and discussions of the structural, electronic and elastic properties will be presented in section 3. Finally, conclusions and remarks are given in section 4.
Computational methods
The first-principle calculations are performed by employing pseudo-potential plane-waves (PP-PW) approach based on the density functional theory (DFT) [14, 15] and implemented in the CASTEP code [16] . The major advantages of this approach are: the ease of computing forces and stresses; good convergence control with respect to all employed computational parameters; favourable scaling with number of atoms in the system; and the ability to make cheaper calculations by neglecting core electrons. The exchange-correlation potential is treated within the LDA, developed by Ceperly and Alder and parameterized by Perdew and Zunger [17, 18] , and the GGA, using the scheme of Perdew-Burke-Ernzerhof [19] . The presence of tightly-bound core electrons was represented by non local ultra-soft pseudo-potentials of the Vanderbilt-type [20] . were treated as valence states. The two parameters that affect the accuracy of the calculations are the kinetic energy cut-off which determines the number of plane waves in the expansion and the number of special k-points used for the Brillouin zone (BZ) integration. We performed convergence with respect to BZ sampling and the size of the basis set. Converged results were achieved with 9×9×2 special k-points mesh [21] . The size of the basis set is given by cut-off energy equal to 350 eV. Careful convergence tests show that with these parameters relative energy converged to better than 5×10 −6 eV/atom. The structure is thus defined by two lattice parameters, and , and the internal structural parameter, . The structural parameters of M 2 TlC were determined using the Broyden-Fletcher-Goldfarb-Shenno (BFGS) minimization technique, with the flowing thresholds for converged structures: energy change per atom less than eV, residual force less than 0.01 eV/Å, and the displacement of atoms during the geometry optimization less than 0.0005 Å. The calculated lattice parameters, 0 and 0 , and the internal structural parameter , for M 2 TlC (M = Ti, Zr, Hf) as determined from geometry at P = 0 GPa, are given in Tab. 1 together with the available theoretical and experimental data. There is a good agreement between our results and the experimental [5] and theoretical results [11] . Using LDA (GGA), the computed lattice constants and for Ti 2 TlC deviate from measured ones within 1.2 and 0.7% (0.6 and 1.6%), respectively. For Zr 2 TlC, the change from experimental values was 1.0 and 0.0% (0.4 and 1.9%), while for Hf 2 TlC it was 0.1 and 0.5% (1.5 and 1.5%), respectively. The deviation from the experimental value of / for Ti 2 TlC, Zr 2 TlC and Hf 2 TlC are found to be 0.4 (1.0%), 1.0 (1.5%) and 0.6 % (0.0%), respectively. This ensures the reliability and accuracy of the present first-principle computations. In comparison with the experimental data we found that the GGA slightly overestimates the lattice parameters, while the LDA slightly underestimates them, which is consistent with the general trend for these approximations. In order to show how the structural parameters in these compounds behave under pressure, the equilibrium geometries of Ti 2 TlC, Zr 2 TlC and Hf 2 TlCunit cells were computed at fixed values of applied hydrostatic pressure in the range 0 to 20 GPa with a step of 5 GPa, where, at each pressure, a complete optimization for the structural parameters was performed. Note that it is assumed here that no phase transformations occurred in these systems; it was indeed reported that no phase transformations were observed in AsC samples up to pressures ≈ 50 GPa by using a synchrotron radiation and a diamond-anvil cell to measure the pressure dependencies of the lattice parameters of these compounds [22] [23] [24] [25] [26] . In Figs. 1 and 2 , we plot the variation of the relative changes of the lattice parameters ( / 0 and / 0 ) and the internal parameter ( ) versus applied hydrostatic pressure ( ). We clearly observe a quadratic dependence in all curves of these three compounds in the considered range of pressure. The same behaviour has been previously observed for [30] , and M 2 GaC (M= Ti, V, Nb and Ta) [31] . The solid curve is the quadratic least-squares fit. The values of the linear and quadratic pressure coefficients [32] performed ab initio study on the pressure dependence of M 2 AlC phases (M= Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W). It was reported that for the M element with a valence electron concentration (VEC) of 4, the compressibility in direction is larger compared to that in the direction. As the VEC increases to 5, the compressibility in direction decreases and becomes comparable to the compressibility in the direction, whereas at VEC = 6, the compressibility in the direction is larger than that along the direction. Our results for Ti 2 TlC, Zr 2 TlC, and Hf 2 TlC compounds with VEC = 4 are in agreement with this grouping.
Results and discussion

Structural properties
The calculated unit cell volumes at fixed values of applied hydrostatic pressure in the 0 to 20 GPa range with a step of 5 GPa were used to construct the equation of state (EOS), which was fitted to a third-order Birch-Murnaghan equation [33] (Fig. 3) : 
Here V 0 is fixed at the value determined from the zeropressure data. We obtained, by least-squares fit, the bulk modulus B 0 at zero pressure, which represents the resistance to volume change and is related to the overall atomic binding properties in material, and its pressure derivative B . These are listed in Tab. 1. There is a reasonable agreement between our results and those previously calculated [11] . The LDA is known to slightly overestimate the bulk modulus and the GGA to slightly underestimate it compared to measurement, so we think that the exact value of the bulk modulus is therefore between these two values. Based on the comparison between the bulk moduli of the M 2 AlC phase and the bulk moduli of the corresponding binary carbide (MC), Music et al. [34] 
Electronic properties
The calculated energy band structure for Ti 2 TlC, at equilibrium lattice parameters, along the high symmetry directions in the Brillouin zone is shown in Fig. 4 as a prototype since the band profiles are quite similar (with slight differences) for the three studied compounds. The valence and conduction bands overlap considerably and there is no band gap at the Fermi level. As a result Ti 2 TlC, Zr 2 TlC and Hf 2 TlC will exhibit metallic properties. The calculated total densities of states (DOS) for Ti 2 TlC, Zr 2 TlC and Hf 2 TlC are presented in Fig. 5 . The details of the peak structures and the relative heights of the peaks in their DOS are rather similar, indicating similarity in chemical bonding. An important feature is the existence of a pseudo gap in the DOS in the vicinity of the Fermi level, which is an indication for stability [35] . At the Fermi level E F , the DOS for Ti 2 TlC, Zr 2 TlC and Hf 2 TlC, were 2.8, 2.5 and 2.0 states per unit cell per eV, respectively. Thus there is a small decreasing trend in the DOS at E F with increasing atomic numbers of the transition metal (M). Hence it is tempting to conclude that Ti 2 TlC is more conducting than Zr 2 TlC and Zr 2 TlC is more conducting than Hf 2 TlC. However, the conductivity depends also on the slope of bands. Barsoum [5] stated that, the mobility of charge carries for all MAX phases except for Ti 4 AlN 3 are inversely proportional to the DOS at Fermi level.
To further elucidate the nature of chemical bonding in these compounds, we study the partial density of states (PDOS) of Ti 2 TlC, a representative, as shown in Fig. 6 . Carbon does not contribute to the DOS at the Fermi level and therefore is not involved in the conduction proper- ties. Ti electrons are mainly contributing to the DOS at the Fermi level, and should be involved in the conduction properties. Tl electrons do not contribute significantly at the Fermi level. It is apparent that a covalent interaction occurs between the constituting elements due to the fact that states are degenerate with respect to both angular momentum and lattice site. C and Ti as well as Tl and Ti states are hybridized. Also, due to the difference in the electronegativity between the comprising elements, some ionic character can be expected. The bonding character may be described as a mixture of covalent-ionic and, due to the resonance in the vicinity of the Fermi level, metallic. The pseudo gap, common to all M 2 TlC phases studied in this work (see Fig. 5 ), is likely to split the bonding and anti bonding orbitals. The PDOS (Fig. 6) shows an other interesting feature: the hybridization peak of Ti and C lies lower in energy than that of Ti and Tl . This suggest that the M (M= Ti, Zr, Hf) and C bonds are stiffer than the M -Tl bonds. These results are in line with other ab initio calculations on some MAX phases [36, 37] . 
Elastic properties
The elastic coefficients were determined from firstprinciple calculations by applying a set of given homogeneous deformations with a finite value and calculating the resulting stress with respect to optimizing the internal atomic freedoms [38] . The criteria for convergences of optimization on atomic internal freedoms was selected as the difference of total energy within 1×10 Å. A hexagonal crystal has five independent elements of the tensor of the elastic constants (C 11 C 12 C 13 C 33 and C 44 ). Two different strain patterns, one with non-zero first and fourth components, and another with a non-zero third component, give stresses that are related to all five independent elastic coefficients. Three positive and three negative amplitudes were used for each strain component with the maximum value of 0.5%, and then the elastic stiffness coefficients were determined from a linear fit of the calculated stress as a function of strain. In Tab. 3, we list the calculated values of the elastic constantsC . The errors quoted for C -values are associated with the deviation of the stress-strain relationship from linearity. We are not aware of any experimental data on the elastic properties. Future experimental measurements will test our calculated predictions. The all mentioned elastic constants are estimated from 
Calculation of Debye temperature
Having calculated the Young's modulus E, bulk modulus B, and shear modulus G, one can calculate the Debye temperature, which is an important fundamental parameter closely related to many physical properties such as elastic constants, specific heat and melting temperature. We have estimated the Debye temperature (θ D ) of M 2 TlC using the formulas for the isotopic approximation [44] :
where ν is the average sound velocity, is the Plank's constant, B the Boltzmann's constant and V the atomic volume. The average sound velocity is given by [44] :
where ν and ν are the longitudinal and transverse sound velocity obtained from Navier's equation [44] : decreases by 12% and 15%, respectively. In this formulation, the Debye temperature is directly related to the elastic constants via average elastic wave velocity, and the decreasing of elastic wave velocity causes the decrease in Debye temperature. At low temperature the vibrational excitations arise solely from acoustic vibrations. Hence, at low temperature θ D determines phonon frequency and specific heat. We can conclude that lower phonon frequency (and specific heat) is expected in Hf 2 TlC compound than in Ti 2 TlC compound. Unfortunately, as far as we know, there are no data available related to these properties in the literature for Ti 2 TlC, Zr 2 TlC and Hf 2 TlC compounds, therefore our calculated values can be considered as prediction of these properties for these compounds. Future experimental work will provide a comparison for our calculated results.
Conclusions
Employing PP-PW approach based on density functional theory, within the local density approximation, we studied the structural, electronic and elastic properties of Ti 2 TlC, Zr 2 TlC and Hf 2 TlC compounds. A summary of our results follows. The pressure dependence of the relative lattice parameters ( / 0 , / 0 ) and internal structural parameter ( ) are calculated. These results should be useful for future work on these compounds. All three materials are found to be conducting with the DOS at Fermi level decreasing with the increase in the atomic number of the transition metal. The M 2 TlC (M= Ti, Zr, Hf) are stable compounds and their bonding is driven by M -Tl and M -C hybridizations. The M -C bonds are stiffer than M -Tl bonds. A numerical first-principle calculation of the elastic constants was used to predict C 
